Background-It has recently been shown that vitamin D deficiency can increase asthma development and severity and that variations in vitamin D receptor genes are associated with asthma susceptibility.
gene-environment interaction study that has been replicated in an independent population. The results suggest the potential importance of maintaining adequate vitamin D levels in subsets of high-risk asthmatic patients.
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Gene-environment interaction; genome-wide association study; vitamin D; asthma exacerbation Asthma, a major public health problem affecting more than 300 million persons worldwide, 1 is a complex disease affected by many interacting genetic and environmental factors. We and others have shown that maternal dietary intake of vitamin D during pregnancy is associated with lower risk of recurrent wheeze, asthma, and allergy in early life, [2] [3] [4] [5] [6] and reduced vitamin D levels are associated with an increased risk of severe disease exacerbations in children with asthma. 1, 7 Specifically, the population attributable risk of asthma incidence caused by vitamin D deficiency in pregnancy is about 40% of all cases, 2 and insufficient vitamin D was associated with a higher odds of any hospitalization or emergency department visit over 4 years (odds ratio [OR], 1.5; 95% CI, 1.1-1.9). 7 It has also been shown that vitamin D deficiency is associated with more severe exercise-induced asthma and loss of asthma control. 8, 9 However, the involved mechanisms are unknown. One link between asthma and vitamin D levels is the inflammatory response. It has been suggested that vitamin D might be involved in the control of asthma exacerbation by reversing steroid resistance in CD4 + T cells. 1 Although the role of CD4 + T H 2 lymphocytes 10 in asthmatic patients is well known, that of CD8 + T cells is incompletely understood. Vitamin D has been shown to be involved with the immune response through its effects on CD8 + T cell-mediated cytotoxicity 11 and the development of natural killer (NK) T cells, 12 thereby suggesting a link between vitamin D and asthma through CD8 + and NKT cells.
Although a number of human studies have shown that vitamin D insufficiency is associated with increased asthma severity, 1,2 others have shown the opposite. 13 One reason for these inconsistencies might be the effect of vitamin D interacting with genes in different pathways involved in asthma. Although variants in the vitamin D receptor gene 14, 15 and vitamin D pathway genes 16 are associated with asthma susceptibility, the genetic pathways by which vitamin D influences asthma exacerbations is unknown. Therefore the evaluation of the role of genetic variation in the context of vitamin D as an environmental factor as it relates to asthma outcomes is warranted and has the potential not only to predict the subset of highrisk patients but also to suggest a possible therapy in this group of patients.
METHODS

Study populations
The gene-environment interaction of vitamin D levels on asthma exacerbation was examined by using the cohort from the Childhood Asthma Management Program (CAMP) study, a multicenter, randomized, double-blind clinical trial testing the effects of anti-inflammatory medications in children with mild-to-moderate asthma over a period of 4 to 6 years. This study was limited to non-Hispanic white participants to minimize population stratification. The study methodology and trial design have been described elsewhere. 17 The CAMP study consisted of 1041 children. Of those, 422 met the criteria for non-Hispanic white race and availability of DNA for genotyping. Illumina Infinium II 550K SNP Chips (Illumina, Inc, San Diego, Calif) were genotyped in 422 nuclear families. Of those 422 trios, 9 have failed genotyping, leaving 403 families for analysis. Of these 403 probands, 395 have vitamin D level data. Vitamin D levels were obtained at the time of randomization and were dichotomized as low (≤30 ng/mL) or high (>30 ng/mL). Asthma exacerbation is defined as having had emergency department visits or hospitalizations within the first year of randomization.
Replication was done with index cases from a family-based genetic study of asthma in Costa Rica. Subject recruitment and study procedures have been published. 1 Briefly, the Costa Rican study consisted of questionnaires sent to 13,125 children. Of these, 616 unrelated children were enrolled in the study who had a high likelihood of having at least 6 greatgrandparents born in the Central Valley of Costa Rica. A single measurement of vitamin D levels was obtained in all subjects. Of the 616 children, we were able to obtain genotypes in 584. Asthma exacerbation is defined as having had emergency department visits or hospitalizations in the year before the study.
Statistical methodology
The gene-environment interaction was analyzed by using both family-based and populationbased methods. Family-based association testing was done through PBAT (version 3.5). 18 The population-based association study in which only probands are considered uses the generalized linear model (glm package in the R software environment) with the binomial distribution as the link function and examines the test statistic of the multiplicative interaction term. 19 Association analyses were performed by using the additive genetic model. Age, sex, and baseline FEV 1 were used as covariates. The family-based association test of gene-environment interaction is based on the family trio design and sums over parental mating types of the sample covariance among the affected offspring. 20 The statistical inference is based on the permutation distribution of the test statistic under the null hypothesis. Single nucleotide polymorphisms (SNPs) were filtered for those that contain more than 10 informative families, those in which the effects of both the main genetic factor and the interaction are the same in both the population-based and family-based analyses, and those with minor allele frequencies of greater than 0.01. Informative families are those having at least 1 parent contributing to the variance of the offspring during transmission (ie, those with ≥1 heterozygous parent). 21 Allelic ORs were obtained by using the epitools package in the R environment and calculated by using the unconditional maximum likelihood estimation. In assessing joint evidence for association, population-based P values were combined by using the Liptak-Stouffer method. The summary ORs from the CAMP and Costa Rican cohorts were calculated by using the Mantel-Haenszel approach (rmeta package in the R software environment).
Linkage disequilibrium was assessed by using HAPLOVIEW 22 and PLINK version 1.07. 23 SNPs with r 2 values of greater than 0.8 were considered to be in linkage disequilibrium.
Motifs in the protein structures were identified by using the Eukaryotic Linear Motif resource (http://elm.eu.org). Pupasuite2 (http://pupasuite.bioinfo.cipf.es) was used to identify triplex-forming oligo-nucleotide target sequences (TTSs). Exonic splicing enhancerbinding sites were predicted with SNPinfo 24 and RESCUE ESE. 25
Genotyping and quality control
Genome-wide SNP genotyping was performed in the CAMP sample by Illumina, Inc, on the HumanHap550v3 BeadChip. Genotype reproducibility was assessed by analyzing 4 subjects whose studies were repeated once on each of the 14 genotyping plates; all replicates had at least 99.8% concordance.
There were 561,466 SNPs on the HumanHap550v3 BeadChip. SNPs were removed for the following reasons: (1) 6,257 markers were removed because of low Illumina clustering scores; (2) 1,379 markers were removed because their flanking sequences did not map to a unique position on the hg17 reference genome sequence; (3) 3,790 markers were removed because they were monomorphic in our sample; and (4) 2,445 markers were removed because of 5 or more parent-child genotype inconsistencies. We used PLINK 23 for further quality control of the remaining markers. All markers had a greater than 90% genotyping completion rate, with an average completion rate of greater than 99%. Although no Hardy-Weinberg equilibrium filtering was done in the initial quality control, Hardy-Weinberg equilibrium was assessed in the SNPs that were selected for replication. Of the 561,466 markers present on the BeadChip, 547,645 (97.54%) passed these quality control metrics. A total of 534,290 of these were autosomal markers and therefore were used in the analysis. One thousand one hundred sixty-nine CAMP subjects were successfully genotyped, including 403 probands and their parents. The average genotyping completion rate for each subject was 99.8%.
We genotyped 23 SNPs identified from the screening stage in CAMP in the Costa Rican population. The average call rate was 99.33% and the average completion rate was 99.5% for the SNPs that passed the quality control filters. The Hardy-Weinberg equilibrium P value was calculated for each SNP to identify possible deviations that might be attributed to genotyping errors or assay design. SNPs were chosen based on low P values in both population-based and family-based analyses and potential biological relevance. SNPs were genotyped with an Illumina BeadStation 500G and with a Sequenom MassArray matrixassisted laser desorption/ionization time-of-flight mass spectrometer (Sequenom, Inc, San Diego, Calif). A semiautomated primers design program (SpectroDESIGNER; Sequenom, Inc) was used for Sequenom. Each genotype was checked for percentage completion rates.
Class I MHC-restricted T cell-associated molecule gene expression
EBV-immortalized B-lymphocyte cell lines from 20 CAMP subjects were cultured. There were 128 CAMP subjects with immortalized B cells and genome-wide genotype data. Of the 128 subjects, 64 were homozygous for the major allele and 15 were homozygous for the minor allele of the rs2272094 nonsynonymous SNP. From these, 10 cell lines of each homozygous class were selected at random for the vitamin D stimulation expression study. For each cell line, there were 4 sets consisting of 1 million cells each. Two sets were treated with 1 μmol/L 1α,25-dihydroxyvitamin D 3 dissolved in ethanol, and 2 sets were used as controls (ethanol only). Cells were harvested at 72 hours after treatment. RNA was extracted with the Stratagene Absolutely RNA Miniprep kit (Stratagene, La Jolla, Calif), according to the manufacturer's standard protocol. RNA quality was checked with an Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara, Calif) and showed minimal evidence of degradation, with 28S:16S ratios approaching 2.0. RNA was converted to cDNA by using the Applied Biosystems TaqMan Reverse Transcription Reagents kit (Applied Biosystems, Foster City, Calif) and 500 ng of RNA per sample. RT-PCR quantification of the class I MHC-restricted T cell-associated molecule gene (CRTAM) was performed in triplicate on each sample by using Applied Biosystems TaqMan gene expression assays, according to the manufacturer's standard protocol. The peptidylprolyl isomerase A gene (PPIA) was used as a normalization control. The comparative cycle threshold method was used for determining relative transcript abundance.
RESULTS
We performed a genome-wide study to investigate the interaction of genetic variants with circulating vitamin D levels on the risk of asthma exacerbations. Our study was designed to perform 2 valid statistical tests on the CAMP population to identify the most robust SNPs that would then be validated in an independent population (Table I and Population analyses were performed in the CAMP probands and subsequently compared with family-based statistical analyses (family-based association testing) by using a subset of CAMP probands and their parents. SNPs with low P values (P < .01) in both analyses and in which the directions of the main genetic effect and interaction were the same in both analyses were considered for replication. The family-based analyses are robust against population stratification 21 and add a self-consistency check and credibility to the populationbased findings, even though the P values do not reach genome-wide significance after correction for multiple testing given the moderate size of the CAMP population. However, the combined ranking of the family-based and population-based analyses highlighted potential candidate SNPs that were used for replication in the Costa Rican cohort. Of the SNPs fitting the above criteria by using the additive model, 23 were chosen for replication (Table II) . Of those, 9 were not in linkage disequilibrium with any of the other SNPs.
In the Costa Rican replication population population-based analysis was performed in the index children. A combined Liptak-Stouffer P value was then obtained from the populationbased results of the CAMP and Costa Rican studies. Three of the 23 SNPs shown in Table II were found to be nominally significant and are associated with the CRTAM gene, which is located at 11q24.1 (Fig 1 and see Table E1 in this article's Online Repository at www.jacionline.org). Notably, in both populations subjects homozygous for the minor allele for these 3 variants who have low vitamin D levels demonstrated an increased likelihood of exacerbations. Conversely, high vitamin D levels appeared to be protective for the same variants. The combined Mantel-Haenszel OR of the CAMP and Costa Rican cohorts for asthma exacerbation for the homozygous minor allele under low versus high vitamin D levels were 4.44, 3.28, and 5.38 for rs2272094, rs2140151, and rs7941607, respectively, compared with 0.42, 0.43, and 0.46, respectively, for the homozygous major allele (Fig 2) . Linkage disequilibrium for the top 3 SNPs is consistent across both populations (see Fig E2 in this article's Online Repository at www.jacionline.org).
One of the 3 SNPs, rs2272094, is a nonsynonymous SNP causing an amino acid change from K (Lys) to R (Arg). To confirm the functional effects of the interaction of rs2272094 variants with vitamin D levels, we performed quantitative PCR studies on 10 cell lines homozygous for the major allele and 10 cell lines homozygous for the minor allele in the presence and absence of vitamin D. We noted allele-specific evidence for interaction between vitamin D administration and CRTAM expression ( Fig 3) . The difference in CRTAM expression in the presence of vitamin D was significantly different for the homozygous minor allele group (P =.004) but not for the homozygous major allele group (P = .08). In addition, the variation in CRTAM expression explained (r 2 ) by the genotype was 7.6% in the presence of vitamin D compared with 0.03% with no vitamin D. This provides functional evidence for a gene-environment interaction of rs2272094 and vitamin D. However, further functional studies of CRTAM will need to be done to determine the exact mechanism by which CRTAM affects the relationship between vitamin D and asthma exacerbation.
DISCUSSION
Using both a population-based and family-based approach, we have a nonsynonymous SNP, rs2272094, associated with CRTAM that was replicated in an independent population. The risk of asthma exacerbation in patients homozygous in the minor allele of rs2272094 for low versus high vitamin D levels was an OR of 7.5 (95% CI, 0.93-60.43) in the CAMP population and 3.52 (95% CI, 0.69-18.05) in the Costa Rican replication population, with an overall OR of 4.4 (95% CI, 1. 19-16.58 ) and a combined attributable risk of 56%. Genomewide searches for gene-environment interactions, including those involving asthma, 26 have been largely unsuccessful, and to our knowledge, none have been successfully replicated. That our result was consistent in both a population-based approach and a family-based approach and was replicated in an independent population for an interaction SNP suggests that this is a functional and causal SNP. Viral infections are a major cause of asthma exacerbations, 27 and vitamin D deficiency has been shown to be associated with increased susceptibility to viral respiratory tract infections. 28 Therefore prevention of viral infections might be one mechanism for vitamin D's involvement. Numbers of activated CD8 + T cells in peripheral blood are increased during viral respiratory tract infections, 29 whereas NK activity is enhanced in acute asthma exacerbations. 30 This implies a link between CD8 + and NKT cells and asthma exacerbation. Because vitamin D is known to up-regulate proteins that have antiviral properties, 31 have an inhibitory effect on CD8 + T cell-mediated cytotoxicity, 11 and are required for the normal function of NKT cells, 12 it is possible that one mechanism by which vitamin D prevents asthma exacerbations is through CD8 + and NKT cells during viral infections.
CRTAM expression is restricted to class I MHC T cells, including CD8 + and NKT cells. It
is also one of the most highly expressed surface markers of activated human CD8 + and NKT cells. 32 CRTAM binds to Necl-2 on antigen-presenting cells and has been shown to promote cytotoxicity of NKT cells and IFN-γ and IL-22 secretion of CD8 + T cells. 33 It has also been shown to regulate the immune response through the retention of CD8 + T cells within lymph nodes. 34 Moreover, the lungs are one of the tissues with the highest expression of CRTAM, 32 and it is thus plausible that variants in CRTAM interact with vitamin D on asthma exacerbations, perhaps through prevention of viral illnesses. It also suggests a mechanism by which CD8 + T and NKT cells contribute to asthma exacerbation through IL-22 and IFN-γ.
There are a number of potential ways in which rs2272094 might meaningfully affect CRTAM function and expression in the context of altered vitamin D levels. Using the Eukaryotic Linear Motif resource for motif identification, we found that the rs2272094 change in amino acid from K to R corresponds to a change in motif from the KEN box to a proprotein convertase cleavage site, thereby potentially promoting the stabilization of the CRTAM protein.
Second, rs2272094 corresponds to the first base in the consensus sequence for binding of steroidogenic factor-1 (5′-AA GGTCA-3′; see Fig E3 in this article's Online Repository at www.jacionline.org), which has been shown to play a role in ste-roidogenesis. 35 Steroidogenic factor-1 is an orphan steroid receptor shown to regulate the transcription of P450 steroid hydroxylase genes. 35 Because members of the cytochrome P450 superfamily are key enzymes in vitamin D metabolism, 36 this suggests a possible mechanism by which CRTAM might be linked with vitamin D metabolism. In addition, rs2272094 is part of a TTS, 5′-GGAAGAAAGG-3′. TTSs have the largest concentration in regulatory regions and are thought to contribute to gene expression. 37 Triplex formation can lead to modulation in gene expression, transcription, protein binding, and targeting for DNA damage. A variant in this region might therefore have a number of functional consequences.
Finally, the minor allele in rs2272094 results in a change in an exonic splicing enhancerbinding site, AGAGAG, to one that is not, AGAAAG, which could prevent an entire exon from being transcribed.
Although it was the SNPs associated with CRTAM that replicated with nominal significance, it is interesting to note that 11 of the 23 SNPs examined were associated with the phospholipase C-like 1 gene (PLCL1). PLCL1 did not replicate in the Costa Ri-can cohort, however. Nevertheless, it would be interesting to examine PLCL1 in future replication studies.
One limitation in this current analysis is the slight difference in the phenotype in the 2 populations. In CAMP the phenotype is severe exacerbations resulting in either emergency department visits or hospitalizations in the year after entry into the trial. In contrast, in the Costa Rican study the phenotype is either emergency department visits or hospitalizations in the past year. To the extent that prior exacerbations predict future exacerbations, 38 we believe that this limitation does not invalidate our replication results.
Another limitation is our moderate sample size. The small effects of gene-environment interactions are difficult to detect and even more difficult to replicate. Although a small number of studies have demonstrated gene-environment interaction through candidate SNP studies, only a few have done so through a genome-wide search, [39] [40] [41] and to our knowledge, none have been replicated. Although we were able to achieve nominal significance and replication, a larger sample size in future studies will enable us to achieve genome-wide significance.
In summary, our genome-wide environment interaction study has identified a nonsynonymous variant in CRTAM, rs2272094, which interacts with circulating vitamin D levels in asthma exacerbation in children. The functionality of this variant is supported by gene expression studies and motif and sequence analyses. The association of CRTAM with CD8 + and NKT cells suggests biologically plausible mechanisms behind the role of these cells and vitamin D on asthma exacerbations in association with viral infections. These findings suggest a means by which asthma exacerbations might be prognosticated based on genotype and vitamin D levels, as well as a potential therapeutic intervention in a subset of the genotypically high-risk population.
TTS
Triplex-forming oligonucleotide target sequence
Clinical implications
The association of variants of CRTAM with asthma exacerbation suggests the potential importance of maintaining adequate vitamin D levels in subsets of high-risk asthmatic patients. Association of CRTAM genotype with rates of asthma exacerbation as stratified by high (>30 ng/mL) versus low (≤30 ng/mL) vitamin D levels in the CAMP and Costa Rican studies. Error bars indicate SEs. In the CAMP analysis exacerbation rates are over the first year of the trial, whereas in the Costa Rican analysis exacerbation rates are over the past year before entry into the study. Zero, 1, and 2 are the genotypes AA, Aa, and aa, respectively, where a is the minor allele. Interaction P values for the CAMP study are . 00536, .00175, and .00638 for rs7941607, rs2272094, and rs2140151, respectively. For the Costa Rican study, the interaction P values are .00990, .02544, and .02932 for rs7941607, rs2272094, and rs2140151, respectively. The number of subjects in each group is indicated in the figure. 
